Irrigation water shortages have lately been a main area of concern for policymakers and planners in Pakistan. Current literature on the country's water resources predicts an alarming situation regarding the availability of irrigation water in the future due to declining water tables and serious financial, environmental, and social constraints of developing big storage reservoirs. Since there is little room to augment water supplies by building new dams, the existing supply-driven surface irrigation system needs to be replaced by a demand-based system with special focus on water use efficiency through the introduction of an appropriate water pricing system. The present study aims to evaluate several alternative water pricing systems in the search for choosing one that will ensure efficient use of irrigation water in Pakistan. A related objective is to test the extent of sensitivity of the demand for irrigation water to a change in alternative water prices. A major conclusion that emerges from this research is that irrigation water shortages are the result of the inflexibility of the present irrigation water supply system for agricultural use and have little to do with the existing water pricing practice in the country. Furthermore, the results of our water price simulations exercise confirm the general perception that demand for irrigation water is less sensitive to changes in alternative irrigation water prices. Two findings from the pricing policy perspective are: (i) irrigation water is not available in adequate quantity to farmers in the nine sub-districts surveyed at almost all of the alternative prices in Pakistan's irrigated agriculture sector since the predicted water usage at all prices is greater than the actual usage for all districts; and (ii) our empirical analysis indicates significant inefficiency of resource allocation in respect of irrigation water as shown by its positively large marginal value product to opportunity cost ratio.
INTRODUCTION
Agriculture is a major economic sector in Pakistan and 90 percent of its output comes from irrigated farms. Water is a critical input for agricultural productivity but its inadequate and untimely delivery limits the farmers' use of other inputs, thus resulting in considerably lower yields. Irrigation water shortages have lately been a main area of concern for farmers, planners, and policy-makers in Pakistan. Current literature on the country's water resources predicts an alarming situation regarding the availability of irrigation water in the future. Prospects for increasing water supplies are considered dim since the development of water resources is approaching its limits. Additional increases in water supply through the construction of new storage reservoirs are also not possible due to financial, environmental, and social constraints. This alarming situation has generated a serious debate among experts as to how to cope effectively with this potentially very serious scenario.
There is also a growing realisation on the part of the government, as well as the donors, that past investment in irrigation has not paid the expected returns mainly due to the sub-optimal and often wasteful utilisation of existing irrigation facilities. Farmers are faced with unreliable and inadequate water supply due to an inflexible and highly inefficient irrigation water delivery system. Surface irrigation is a public sector activity and is heavily subsidised since water rates are abysmally low, thus putting an enormous fiscal drain on the national exchequer. Budgetary constraints do not permit sufficient financial outlays for proper maintenance of the irrigation system. Inadequate attention given to the level and form of water charges, and to the need for an appropriate mechanism for pricing irrigation water, has been a critical policy lapse on the part of water sector planners in Pakistan. Water pricing is an important way of improving water allocation and encouraging users to conserve water resources. Critical issues related to the operation and maintenance costs, the rate of return on investment, and the provision of irrigation services on a sustained basis are all directly and indirectly linked to water pricing policy.
A review of water pricing literature reveals that a variety of methods for pricing water have been developed over time. These methods differ in their implementation, the institutions they require, and the information on which they are based [Tsur and Dinar (1997)] . A wide range of literature addresses irrigation water management in general and water pricing in particular [Rhodes and Sampath (1988) ; Cummings and Nercissiantz (1992) ; Le Moigne, et al. (1992) ; Sampath (1992) ; Small and Carruthers (1991) ; Shah (1993) ; Plasquellec, Burt, and Wolter (1994) ; Tsur and Dinar (1995) ]. Several studies [Rhodes and Sampath (1988) ; Sampath (1992) ; and Dinar and Subramanian (1997) ] focus on water pricing methods practised in various countries. These methods include volumetric, output, input, per unit area, tiered pricing, two-part tariffs, betterment levy and water markets. The best water price is a price that reflects opportunity costs or is marginal cost-based but it is hard to implement. Two-part tariff pricing ensures cost recovery and is a more realistic immediate objective from the point of view of financial viability of water projects [Dinar and Subramanian (1997) ]. Dinar and Subramanian (1997) while reviewing and comparing water pricing experiences in 22 selected countries (Algeria, Australia, Botswana, Brazil, Canada, France, India, Israel, Italy, Madagascar, Namibia, New Zealand, Pakistan, Portugal, Spain, Sudan, Taiwan, Tanzania, Tunisia, Uganda, United Kingdom, and the United States of America) find variations in water pricing methods used by different countries. The most common method used to charge for irrigation water is reported to have been the average cost-based. Marginal costs are more relevant but full marginal cost pricing has never been recommended anywhere in the water sector since the situation of increasing average cost frequently prevails in water development projects [Dinar and Subramanian (1997) ]. Use of two-part tariff system of water pricing, even though a better option, is a rare phenomenon. Its different versions are in operation in several countries. In Australia and Brazil, a portion of capital costs is recovered from users [McGovern (1999) ; Musgrave (1997) and Todt de Azevedo (1997) ]. France is the only country where water for irrigation is generally sold on the binomial tariff basis [Dinar, Rosegrant, and Meinzen-Dick (1997) ]. The binomial system accounts for off-peak and on-peak costs. In the peak period, long-run marginal capital costs plus marginal operating costs are recovered while in the off-peak period only marginal operating costs are recovered.
The optimal volumetric pricing rule requires that the water price be set equal to the marginal cost of water supply. Different countries/regions use different versions of this method to charge for water. Irrigation water charges consist of a volumetric water charge to cover operation and maintenance costs, and a per hectare water charge to recover the public investment in off-farm irrigation infrastructure [Dinar and Subramanian (1997) ]. California uses multi-rate volumetric pricing for publically supplied water according to which prices range between US$ 2 per acre foot to more than US$ 200 per acre foot [Tsur and Dinar (1997)] . Following this method, water rates vary as the amount of water consumed exceeds certain threshold values. In India, a volumetric rate per estimated volume of water consumed is used in areas with pumped irrigation and tubewells [Dinar and Subramanian (1997) ]. These estimates are based on crop water requirements. In the Jordan Valley, where most of the agricultural activity is concentrated, water is provided through pipes to more than three quarters of the irrigated land [Tsur and Dinar (1997) ]. Water authorities use volumetric pricing, but water is greatly underpriced, and the price does little to induce efficient use of water [Tsur and Dinar (1997) ]. In Peru, the existing legislation defines two classes of water tariffs, one for agricultural use and the other for non-agricultural use. In general, tariffs do not reflect the true cost of water. For agriculture, the volumetric water tariff includes three components; (i) a "water users' association" component intended to raise funds to finance operations and maintenance, the conservation and improvement of common irrigation infrastructure, and the administration budget; (ii) a water levy calculated as 10 percent of the first component for financing agricultural development/special irrigation projects; and (iii) an amortisation component to recover the cost of public investments in irrigation storage infrastructure [Dinar and Subramanian (1997) ]. Chile and Mexico are the only two countries that have developed water markets for selling and buying irrigation water [Easter, Rosegrant, and Dinar (1998) ].
In Pakistan, where agriculture uses 90 percent of irrigation water, water rates charged to farmers have always been minimal. Because of the nature of the irrigation system and because of the administrative structure designed to supervise it, charges for irrigation water have been made on an acreage-not a volume-basis [Lewis (1969); Chaudhry, Majid, and Chaudhry (1993) ]. These charges vary widely between crops. This pattern of charges encourages wasteful use of the country's most limited resources. The structure of water rates has long been subject to criticism. It has been alleged that charges for irrigation water discriminated between various crops in such a way as to distort resource allocation. Moreover, it has generally been argued that water was and is being provided by the public sector at appreciably less than its marginal cost [Chaudhry, Majid, and Chaudhry (1993) ]. Some awareness of the different amount of water required by different crops has been introduced by applying differential rates per acre, but these differentials have not been fully compensated for the differences in water use [Lewis (1969); Haufbauer and Akhtar (1970) ]. Thus the determination of an efficient pricing system for irrigation water has become a serious issue especially in the backdrop of declining water tables in the country.
The main objective of this paper is to evaluate several alternative water pricing systems and choose one that will ensure efficient use of irrigation water in Pakistan. A related objective is to test the extent of sensitivity of the demand for irrigation water to a change in alternative water prices. For this purpose, a single equation production function 1 -Cobb-Douglas (CD)-will be specified and estimated first and then the CD parameter estimates will be used to derive an input demand function for irrigation water. The derived water demand function will serve as a bridge between production function estimates and water demand policy simulations in analysing alternative water pricing systems.
The paper is organised in six sections. Section 1 is introductory and gives an outline of the study. Section 2 discusses data, variables, and the empirical model. The discussion of the empirical results is reported in Section 3. Section 4 reports policy simulations. In Section 5, sensitivity analysis of the policy simulations has been carried out. The last section, Section 6 summarises conclusions and policy implications.
DATA, VARIABLES, AND EMPIRICAL MODEL

Data and Variables
The data used in this study are from a 1998 survey of 601 farmers in Pakistan for the crop year 1997-98, conducted by the author for the purpose of her doctoral research [Sahibzada (2002) ]. A four-stage sampling technique was used 1 Single-equation approach has been criticised in the literature on the ground that its use in estimating a production function results in the simultaneity bias [Marschak and Andrews (1944); Walters (1963); and Nerlove (1965) ], but alternative methods of estimation have been proposed by Zellner, Kmenta, and Dreze (1966) to avoid this bias effectively in the estimation of the Cobb-Douglas production function.
for the selection of a representative sample. As a first step, three provinces-the North West Frontier Province (NWFP), Punjab, and Sindh-were selected as major irrigation water users. Balochistan was not included because it does not have a noticeable share of irrigated agriculture vis-à-vis other provinces, at the moment. At the second stage, tehsils (sub-districts) were selected to represent average conditions in each province. The third stage involved village selection, and the final stage represented the selection of farmers. While the selection of provinces was self-evident, the procedures adopted at the remaining three stages were as follows. The survey was carried out in nine sub-districts selected from the four regions, which were themselves selected on the basis of the characteristic of growing a major crop. Lodhran (Punjab) for cotton; Thatta (Sindh) for rice; Charsaddah (NWFP) for mixed crops and Sugarcane; and Attock, Mianwali (Punjab) and Kulachi (NWFP) for non-irrigated agriculture. Wheat, the staple food crop, was noticed to be grown in almost all regions. The village selection was made using concentric circles drawn on tehsil maps. To accomplish this task the latest maps of the sampled sub-districts were collected from the office of the Survey of Pakistan and the respective District Councils. The selection of farmers constituted the last stage of sampling. The farmers were randomly selected from three sub-districts of Punjab, two of Sindh, and four of the NWFP. Thus the total sampled farmers in the selected 9 sub-districts aggregated to 601 respondents. A questionnaire was formulated to obtain information on crop production and price, size of farm, cropped area, irrigation water, labour, and use of tractor and fertiliser. It is important to point out that water usage was measured only as the number of irrigations in the crop year. The conventional practice assumes an average of three acre inches of water per one irrigation; more precise measurement is timeconsuming and expensive, and was not performed in this survey. Again, the estimate of irrigation water used relied on the farmer's memory regarding water received during the crop year. The data base from this survey appears to be representative of the Indus Basin with respondents reporting production of a number of irrigated crops including wheat, rice, maize, cotton, sugarcane, tobacco, vegetables, and various fodder crops.
The analysis of this study relies on a single-equation production function. The dependent variable is total aggregated output (Y) in maunds (1 maund = 40 kgs), weighted by revenue shares. The surveyed farmers have provided information on total production of each crop at the individual farm level, and price per maund of each crop. An established procedure 2 has been used to 3 The fertiliser nutrients have been derived mainly from urea, diammonium phosphate, calcium ammonium, etc. Total fertiliser input (FERT) at the farm level has been obtained by multiplying the per cropped acre fertiliser nutrient in kilograms with total cropped area at the farm level. Data on labour have been collected in man-days generally but also in working hours from several farmer surveyed, by types of activities (Pre-sowing, Sowing, Hoeing, Irrigation, Harvesting, and Threshing) on a per cropped acre basis. One man-day is normally of eight hours. The data in working hours have been converted into man-days by dividing the total by the number 8. Total man-days input (MD) at the farm level has been obtained by multiplying total man-days with total cropped area at the farm level. Data on tractor hours have been collected on a per cropped acre basis. Total tractor input (TH) in operational hours at the farm level has been obtained by multiplying the per acre tractor input with total cropped area at the farm level. Data on irrigation water (IRR) have been collected from the surveyed farmers in number of irrigations per cropped acre. One irrigation equals on average 3 acre inches of water. Total irrigation input (IRR) in acre inches at the farm level has been obtained by first multiplying the number of irrigations per acre with 3, and then multiplying the data in inches with total cropped area at the farm level. Data on total cropped area (TCA) have basically been collected in acres at the farm level.
The dummy variables DFERT, DTRAC, and DIRRI, respectively for zero observations 4 in respect of fertiliser, tractor, and irrigation, are included in the model in order to correct for the presence of some zero observations for these three inputs (see the discussion of the Battese model later in Section 3.2). D1 to D7 are dummy variables for the seven sub-districts which are included in the equation in order to capture variations in soil quality and climatic conditions in different regions. DMULTI is a multiple crop dummy showing the impact of crop diversification, with DMULTI = 1 for farms growing more than one crop, and = 0 for single-crop farms.
Descriptive statistics for all variables used in model estimation are given in man-days at the farm level; FERT = Total fertiliser nutrients (in kgs) at the farm level divided by total man-days at the farm level; MD = Total man-days at the farm level; TH = Total tractor hours at the farm level divided by total man-days at the farm level; IRR = Total irrigation (in acre inches) at the farm level divided by total man-days at the farm level; TCA = Total cropped area (acres) at the farm level; DFERT = dummy variable for zero observations for fertiliser; DTRAC = dummy variable for zero observations for tractor hours; DIRRI = dummy variable for zero observations for irrigation water; D1, ..., D7 = dummy variables for seven sub-districts (Mianwali, Kulachi, Thatta, Mirpurkhas, Peshawar, Lodhran and Attock respectively); and DMULTI = dummy variable for multiple crops.
Empirical Model
The most widely used forms of production functions in the analysis of agriculture are the Cobb-Douglas (CD) and the Transcendental (Translog). In our study, we initially used a Translog production function, which is a flexible functional form and places no a priori restrictions on the production technology such as constant returns to scale, homogeniety, separability, and constant elasticity of substitution. This functional form is a second-order Taylor series approximation, and thus requires a larger number of parameters to be estimated. Consequently, multicollinearity is often a problem when estimating the single-equation translog production function. The present study was no exception. The results of the estimated translog model showed some of the production elasticities to be negative, thus resulting in several violations of regularity conditions. To avoid such problems, the present study relied on the Cobb-Douglas functional form, which is very popular in agricultural production studies because of its parsimony in parameters, ease of interpretation, and computational simplicity. Several studies of Pakistan's agricultural sector have used this form primarily because the resulting coefficients make it possible to interpret the elasticities of production with respect to inputs, and because the coefficients also indicate the relative importance of each input with respect to output [Chaudhry and Kemal (1974) ; Naqvi, et al. (1982 Naqvi, et al. ( , 1983 Naqvi, et al. ( , 1986 ; and Zuberi (1989) ].
The Cobb-Douglas production function, which is considered here for the estimation of input elasticities of the surveyed farmers, is defined below for restricted (Model 1) and full (Model 2) data sets, the former excluding and the latter including zero observations for fertiliser, tractor hours, and irrigation water:
where Ln = represents natural logarithm; β k (k = 1, 2,...., 7), α t (t = 1, 2, ...., 7), and γ are the unknown parameters to be estimated, and ε is the usual random error term, which is assumed to be normally distributed with zero mean and constant variance N(0, σ 2 ). Y = represents total aggregated output (weighted by revenue shares) at the farm level, divided by total man-days at the farm level; FERT = total amount of fertiliser nutrients (in kilograms) used at the farm level, divided by total man-days at the farm level; MD = total amount of labour (in man-days) used at the farm level; TH = total number of tractor hours used at the farm level, divided by total man-days at the farm level; IRR = total quantity of irrigation water (in inches) used at the farm level, divided by total man-days at the farm level; DFERT = dummy variable which has value of one if fertiliser usage was positive, and zero for zero; DTRAC = dummy variable which has value of one if tractor usage was positive, and zero for zero; DIRR = dummy variable which has value of one if irrigation usage was positive, and zero for zero; D 1 = district dummy variable which has value of 1 if Mianwali sub-district, and 0 otherwise; D 2 = district dummy variable which has value of 1 if Kulachi sub-district, and 0 otherwise; D 3 = district dummy variable which has value of 1 if Thatta sub-district, and 0 otherwise; D 4 = district dummy variable which has value of 1 if Mirpurkhas subdistrict, and 0 otherwise; D 5 = district dummy variable which has value of 1 if Peshawar sub-district, and 0 otherwise; D 6 = district dummy variable which has value of 1 if Lodhran sub-district, and 0 otherwise; D 7 = district dummy variable which has value of 1 if Attock sub-district, and 0 otherwise; DMULT = crop dummy variable which has value of 1 if more than 1 crop and 0 for only one crop.
It is a 4-input "per man-day model" 5 with its two specifications (Models 1 and 2) and CRS-imposed. Model 1 is based on the restricted data set in that zero observations for the three inputs, fertiliser, tractor hours and irrigation water are excluded from model estimation, while Model 2 uses the full data set.
Out of the original nine sub-districts, two, i.e., Charsadda and Mardan, were used as the reference districts. Since the observations from Mardan were very few (10 only), and the climatic conditions and land quality of both the districts were almost the same, both were merged and considered as the single reference district called MarCh.
Since we also have reported zero values for irrigation water, fertiliser, and tractor hours for some farms in the survey, in order to correct for the presence of these zero observations, dummy variables for zero observations in respect of the three inputs have been used in the estimation of Model 2. This has been done following Battese, Malik, and Gill (1996) and Battese (1997) . The objective of using this approach is to accommodate the users and non-users of these three inputs and still obtain efficient and unbiased estimates using the full data set.
5 Several alternative specifications of the 5-input model for both CRS-imposed and CRS-notimposed have been estimated. The estimated elasticities of land (the fifth RHS variable) for all attempted specifications have been negative and insignificant. The implied zero elasticity of land conforms to recent empirical evidence [Ali and Byerlee (2000) and Ahmad (2001) ], which indicates strongly towards the prevalence of a land degradation phenomenon in Pakistan. Given the intractability of a zero input coefficient in the CD model, the land input variable has been dropped from the production function for further model estimation. After dropping the land from the production function, a 4-input "totals" model with several specifications have been estimated. Two best specifications ("per man-day" Models 1 and 2) have been selected for further analysis. The selection procedure is based on both statistical testing and economic analysis [Sahibzada (2002) ].
The Battese approach given in his 1996 and 1997 papers consists of two proposed models which look different but in fact yield the same results-a shift in the intercept for zero-valued observations. We have adopted the approach used in the Battese, et al. (1996) in the current study. Following the latter approach, a dummy variable (for instance DIRR) is defined for each input, which has some zero observations in the sample, as taking on a value of unity when the input has a positive value, and a value of zero when the input has a zero value. The model is then specified with two related terms-the dummy variable by itself and a second term involving the dummy variable multiplied by the natural log of the input; DIRR and DIRR ln(IRR), for instance, where IRR is the amount of irrigation water used. Thus we get two estimated coefficients for each of the two terms when IRR is positive (i.e., get an intercept shift and an estimated coefficient for ln IRR) whereas both terms fall out (i.e., have zero values) when IRR = 0.
6 Finally, since many of the surveyed farmers grow more than one crop in a season, we have used a dummy variable (DMULTI) for measuring the impact of multiple crops.
Since all parameters in the Cobb-Douglas function are elasticities of production, the value of the marginal physical product (MPP) for a specific input is given by:
where Y i represents the ith farmer's output, X ki represents the level of inputs of the kth resource at the ith farm, and b k is the regression coefficient of the kth input in a Cobb-Douglas model. Following the customary practice, a point estimate of marginal physical product (MPP) can be obtained by evaluating Equation (13) at the mean value of each input. The marginal value product (MVP) of each input at the farm level is then computed by multiplying the MPP of each input at the farm level by the aggregate output price. 
Input Demand Function for Irrigation Water and Policy Simulations
As the main objective of the present study is to evaluate alternative water pricing systems and to choose a price that ensures efficient use of irrigation water, a detailed simulation exercise will be carried out to find such a price. An efficient price will be one which gives more efficient predicted water usage as compared to the present actual water usage at the district level. Data on the present actual water usage 6 Since one uses natural logs to estimate the CD production function, this requires that either ln IRR is set equal to zero or IRR is put equal to one (same thing) when DIRR is zero.
7 Aggregate output price is calculated as follows: (i) prices of various crops are weighted by revenue shares; (ii) weighted crop prices are aggregated; and (iii) aggregate output price at the mean level is used for calculating MVP of the four inputs.
has been collected from the surveyed farmers and aggregated at the sub-district level. For conducting the simulation exercise, an input demand function for irrigation water, using the Cobb-Douglas (CD) parameter estimates from Models 1 and 2, will be derived and combined with various alternative prices for irrigation water to predict water requirements at the district level. The CD demand for irrigation water has been derived through constrained cost minimisation, using a CD production function [Varian (1992) ]. In this problem, the choice variables are the inputs (the Xs) while the input prices (the Ws) and output (Y) are parametric variables which are assumed to be exogenous or given to the firm. The derived irrigation water demand function is then used as a bridge between production function estimation and water demand policy simulations in analysing alternative water pricing systems. A detailed derivation of the input demand function for irrigation water is given in the Technical Appendix, but the basic equation for irrigation water demand is given as follows. 
Alternative Water Prices
The five water pricing systems which have been used in the basic simulations exercise are MVP-based, Market-based, Average Cost-based, short-run Marginal Cost-based, and long-run Marginal Cost-based. The MVP-based price comes out from the analysis of the survey data. The various cost-based prices have been derived in two ways. First, secondary data on provincial expenditures on irrigation water supply delivery have been used to calculate average variable and average marginal cost per acre foot of water [Sahibzada (2002) ]; Secondly, estimates of long-run marginal costs, based on the review of feasibility reports of small, medium, and large dams, and the expert opinion of irrigation engineers have been used as an alternative price for irrigation water in the simulation exercise [Sahibzada (2002) ]. The summarised discussion of alternative irrigation water prices used in the basic simulations is presented in Table 2 . 
7). (2) AC-based
The AC-based price is the average variable cost of water supply delivery and has been calculated using O&M expenditures on the irrigation system [reported in Sahibzada (2002) 
RESULTS AND ANALYSIS
Equations 1 (Model 1) and 2 (Model 2) have been estimated using the computer software package EViews 3.1. Equation 1 is a 4-input "per man-day" model in which both the LHS and the RHS variables have been divided by mandays before taking their logs for model estimation, and zero observations of the three inputs, fertiliser, tractor hours, and fertiliser excluded. Thus, this model assumes constant returns to scale. Since graphical analysis of the models' residuals and White's test [White (1980) ] have pointed towards the presence of heteroskedasticity, which is a normal phenomenon in the analysis of crosssectional data, White's estimation procedure has been used to correct for heteroskedasticity. The regression results of the two specifications of this 4-input "totals" model are reported in Table 3 . The regression results for the two specifications of the "per man-day" model, with CRS-imposed, are discussed as follows. The values of R-squared are 0.399 and 0.432 respectively for Models 1 and 2, indicating that 40 to 43 percent of the variations in total aggregated output per man-day is explained by the variables included in the models. Most of the parameter estimates in Models 1 and 2 are statistically significant at least at the 90 percent confidence level and most have the expected signs. The sum of the parameter estimates of the four traditional inputs (labour, fertiliser, water, and tractor) is equal to unity in both the restricted as well as the full data sets, implying that a one-percent increase in the four model inputs results in a one-percent increase in aggregated output per man-day, since constant-returns-to-scale has been imposed. The estimated coefficients of irrigation (LIRR) are large and highly significant in both Models 1 and 2, i.e., 0.501 and 0.484, which means that a one-percent increase in irrigation water input increases aggregate output per man-day by 0.5 and 0.48 percent respectively in the former and latter cases. The estimated coefficient for fertiliser (LFERT) follows the irrigation coefficient in size and significance. It is 0.308 in Model 1 and 0.265 in Model 2, which says that a one-percent increase in fertiliser input increases aggregate output per man-day by 0.31 percent and 0.26 percent respectively in the former and latter cases, with both coefficients again being highly significant. Labour (LMD) is third in line in the input coefficient size, ranking with computed coefficient estimates of 0.172 and 0.134, implying that a one-percent increase in the labour input will bring about 0.17 and 0.13 increase in aggregated output per man-day respectively in Model 1 and Model 2, Tractor hours (LTH) have a comparatively smaller estimated coefficients-0.117 and 0.019-in the two specifications, and both are statistically insignificant.
Results regarding the district-specific dummy variables in the two specifications show Thatta and Lodhran to be significantly less productive and Peshawar to be more productive than the reference districts of Mardan and Charsadda in both the restricted as well as the full data sets. Kulachi and Mianwali are significantly less productive than the reference districts, the former in Model 1, the latter in Model 2.
The multi-crop dummy variable coefficient is negative, significant at 95 percent confidence level in the restricted data set and significant at 99 percent confidence level in the full data. The negative sign means that multiple crop farmers will have slightly less aggregated output for given amounts of all four inputs as compared to single crop farmers. This negative difference reflects the opportunity cost of hedging against crop risk by planting multiple crops-the related benefit is of course the reduced risk of monocrop failure through a more diversified "crop portfolio".
Regression results of Model 2 include zero observations of fertiliser, tractor, and irrigation. This requires that a procedure-the Battese model-be used in order to combine both positive and zero input observations in the model estimation. Following Battese, et al. (1996) , dummy variables for zero observations of the three inputs are defined to equal 1 for positive or non-zero observations, and equal to zero for zero observations. Based on this definition, the signs of the estimated coefficients for the three dummy variables (DFERT, DTRAC, and DIRRI) are expected to be positive. The positive sign implies a positive relationship between the intercept of the production function of the users and the use of the inputs. When an input, for instance, irrigation water is used, the intercept moves upwards, and vice versa. In Model 2, it appears that the estimated coefficients for DFERT and DTRAC are negative. The negative sign of the estimated coefficient in the case of fertiliser may imply that owners of fertile land may not use fertiliser because the use may result in lodging of the crops, since excessive use of fertiliser damages the crops. Such cases are rare but can be found in actual life. The negative sign of the estimated coefficient for DTRAC seems simple to explain here. Since there are only 10 zero observations out of 601 for tractor, variations in the dependent variable due to them will be very negligible, even non-existent. Moreover, since the estimated coefficients for both DFERT and DTRAC are not significantly different from zero, the negativity problem in their context becomes meaningless.
The coefficient estimate for DIRRI is positive and highly significant. DIRRI's positive and significant estimated coefficient means that the intercept of the production function for irrigated farms is higher than that of the unirrigated farms, implying that there is a positive relationship between the shift in the intercept and the use of irrigation water. When a farmer uses irrigation, the intercept of his production function moves upwards implying an increase in productivity; when he stops using irrigation, the intercept moves downwards, causing a decline in productivity.
Using the regression results of Models 1 and 2, the marginal physical product (MPP) of irrigation water is calculated using Equation 3. Table 4 reports MPP and MVP of irrigation water. Marginal Value Product (MVP) of irrigation water has been calculated by multiplying its MPP with the aggregated output price. 9 The aggregated output price has been calculated to be Rs 358.48 per maund (40 kgs) for the restricted data set and Rs 350.59 per maund for the full data set. The MPP of irrigation water varies between 49.69 kgs (1.242 maunds) per acre inch for the restricted data set and 47.55 kgs (1.186 maunds) per acre inch under the full data set. The MVP of irrigation water per acre inch comes to Rs 445.23 and Rs 415.79, respectively, under restricted and full data sets. These MVP estimates will be used as one of the several alternative water prices in the simulation exercise. Table 4 also reports the MVP to opportunity cost (OC) ratio, which is a measure of use efficiency. Market price of irrigation water-Rs 200 per acre inch-has been used as an approximation to the OC of irrigation water. An MVP/OC ratio equal to one indicates efficient use of a resource and a ratio greater/less than one indicates its under-and over-usage respectively. Since the calculation of input demand for irrigation water using CD parameter estimates requires the use of input prices, and in our survey no information on the prices of inputs was collected, hence average prices charged for the services of these inputs have been used. These average prices are quite consistent with those reported in Pakistan (1998) which vary between Rs 100-150 per tractor ploughing (one ploughing is completed in one tractor hour), Rs 202-210 per hour of tubewell water (in one hour one acre inch of water is delivered), and Rs 70-80 per man-day of hired labour. The price of fertiliser per nutrient kilogram is about Rs 15.00 [Pakistan (2001) ]. Farm labour is in man-days. One man-day is assumed to be eight hours of work and the mean wage rate charged these days for agricultural labour is Rs 80.00 per man-day [Pakistan (1998) ]. This is a minimum norm although there is some variation in the wage rate from place to place. The open market price for one operational hour of tractor on average is Rs 120.00 [Pakistan (1998) ], even though variations do exist in the rates across geographical divisions. As for irrigation water, it is not a common practice to sell canal water, but its trading does take place in the Punjab region of Pakistan. Tubewell water is frequently sold or exchanged in Punjab since the market for tubewell water in Punjab is more developed vis-à-vis other provinces. Variations in irrigation water prices exist due to variations in soil, topography, season, the nature of crops, the quality of water, and the availability of alternative sources of water for irrigation. The price paid by farmers for tubewell water in Punjab currently varies between Rs 100 and Rs 150 per hour, and for canal water it varies between Rs 200 and Rs 250 per hour. In one hour, about one acre inch of irrigation water is used by farmers. It is generally believed that in the absence of formal water markets, Rs 200 per acre inch for canal water is a good approximation of the opportunity cost of irrigation water.
POLICY SIMULATIONS
The derived demand function for irrigation water (Equation 4) has been computed using coefficient estimates of Models 1 and 2 combined with prices of the four inputs and aggregated output in order to calculate the predicted water usage at the sub-district level. The average prices for the three inputs-fertiliser, tractor hours, and man-days-and aggregate output used in the CD production function estimation have been discussed in Section 3.1. The summarised discussion of alternative prices for irrigation water used in the basic simulations is given in Table 2 .
These simulations are called simulations at the base-line prices and are reported in Table 6 . These will be used as reference simulations in the sensitivity analysis exercise. Table 5 reports information on the various variables aggregated at the district level for district level analysis. These variables include the number of observations, farm output, the number of irrigations, total cropped area (TCA), and total farm area (TFA), all aggregated at the district level since simulations are carried out at the district level. Aggregate output per irrigation (Output/Irri) and aggregate irrigations per acre (Irrig/acre) are also included in Table 5 . Irrigation water in number of irrigations aggregated at the district level; one irrigation equals three acre inches of water; and d, e Total cropped area and size of the farm, both in acres, and both aggregated at the district level. For the computation of the predicted water usage at the sub-district level, zero values for the dummy variables of other districts are assumed, while that for the district for which water usage is simulated is set equal to one. Other dummy variables, such as the dummy variable for multiple crops (DMULTI) in Models 1 and 2, and dummy variables for zero observations for fertiliser (DFERT), tractor hours (DTRAC), and irrigation water (DIRRI) in Model 2 take on values equal to the sub-district sample mean, i.e., averaged across all sample farms in the sub-district.
Using the irrigation water demand function and the production function coefficient estimates from Models 1 and 2, water usage in terms of number of irrigations at the sub-district level is predicted. As mentioned in an earlier section, the results of the base-line simulations are reported in Table 6 , which shows actual and predicted water usage (in the number of irrigations) under alternative water pricing systems at the sub-district level.
The first row in the table presents actual water usage in the number of total irrigations aggregated at the sub-district level. Data on actual water usage obtained from surveyed farmers were basically in the number of irrigations per acre for individual farms. These have been converted into total irrigations by multiplying by total cropped area at the farm level for the estimation of several alternative regression models. Figures in the parentheses in Table 6 are the number of irrigations per acre which have been calculated by dividing the aggregated irrigations at the sub-district level by the total cropped area, also aggregated at the sub-district level (Table 5) .
Looking at the base-line simulations in Table 6 , two important findings from the water pricing policy perspective are noted:
(i) Irrigation water is not available in adequate quantity to farmers in almost all districts at all the alternative prices in Pakistan's irrigated agriculture sector, as the predicted water usage at all prices is greater than the actual usage for all districts. The last column under Total in the same table shows this fact distinctly since the total actual usage for all sub-districts is 60535 irrigations as compared to the predicted usage of 86219 irrigations even at the MVP-based price, which is the highest among the five alternate prices. In percentage terms, total actual current water usage is 70-72 percent, 9 percent, 8 percent, 14 percent, and 47-49 percent of the predicted water usage respectively at the MVP-based, ACbased, SRMC-based, LRMC-based, and market-based prices. In other words, the inadequacy of the current water usage can be seen from the fact that if irrigation water is charged according to, say, the marketbased price, even then water requirements of the farmers in all subdistricts will be much more than the current actual usage. This finding points towards the overall general scarcity of irrigation water available to farmers. (ii) Discussing the water requirements of the individual districts and defining water use efficiency in terms of the highest agricultural produce per unit of irrigation water, the table reports that Mirpur Khas stands out as the most efficient user of irrigation water, with 7.8 irrigations per acre and producing the maximum aggregated farm output; its aggregate farm output per irrigation is the highest-18 maunds per irrigation-followed only by Attock and Peshawar, with 16 and 11.5 maunds per irrigation (Table 5) . At the same time, Mirpur Khas again is the only district whose predicted water usage at the market-based price for instance is 207 percent more than its current actual usage. In the case of Attock, Kulachi, Lodhran, Mianwali, Peshawar and MarCh, this percentage increase in the predicted water usage vis-à-vis the actual usage is 78 percent for Attock, 118 percent for Kulachi, 31 percent for Lodhran, 104 percent for Mianwali, 11 percent for Peshawar, and 64 percent for MarCh. Peshawar turns out to need much less water at the market-based price specifically than the two districts (Attock and Mirpur Khas) with which it competes on the basis of productivity per irrigation. Its predicted water usage at this price registers an increase of about 11 percent as compared to 78 percent for Attock and 207 percent for Mirpur Khas. The case of Thatta is unique. With low productivity per irrigation (5 maund) and using the highest number of irrigations (15) per acre, its predicted water usage at the marketbased price is the highest-236 percent more than its current usage. This means that Thatta could be considered as a classic case of an inefficient user of scarce water resource.
In the full data set, the nature of the change in predicted water usage is the same for all eight districts but the magnitude of the percentage change in the predicted water usage for two districts has substantially increased. In the case of MarCh the percentage increases from 64 percent to 265 percent, and for Kulachi it has increased from 118 percent to 517 percent. It may be mentioned here that almost all of the zero observations for irrigations are found in Kulachi as it has mainly rainfed agriculture, and farmers in Kulachi get very little irrigation water.
Tables 7 and 8 report the differences in the predicted water usage from the base-line simulations reported in Table 6 , both in absolute terms and in percentage terms, as a result of a 10 percent increase and a 10 percent decrease respectively in alternative water prices at the sub-district level. Table 7 shows the outcome of an assumed 10 percent increase in the alternative water prices on predicted water usage. A look at the figures in the parentheses in both the restricted as well as in the full data sets reveals that when water price is increased by 10 percent, the predicted water usage in all sub-districts decreases by less than 10 percent, i.e., demand for water decreases by only 5 percent, which implies a price-inelastic demand for water usage. Table 8 presents the results of an assumed 10 percent decrease in alternative prices on predicted water usage at the sub-district level. It shows almost the same magnitude of price elasticity of demand in the restricted data set, but in the full data set the degree of elasticity is slightly more than that of the restricted set. In the case of 10 percent decrease in water prices, again the price elasticity of demand for water is less than unity since the predicted water usage increases by about 5 percent in Model 1 and 6 percent in Model 2 in response to a 10 percent decrease in alternative water prices. 
SENSITIVITY ANALYSIS
Sensitivity analysis is a method of exploring the effects of using alternative values of the estimated parameters of a model/project in order to determine as to which parameters the project is most sensitive. This is usually done by varying each parameter one at a time, keeping the other parameters constant and calculating the consequent effect on the baseline scenario. In the present study, two types of economic analysis have been carried out. The first type is changing alternative irrigation water prices by 10 percent upwards and downwards, holding other variables constant, and the second type is changing alternative parameter estimates, especially the input elasticity for irrigation water, by 10 percent, keeping the baseline water prices constant. The first type, which is called price policy simulations exercise, has already been discussed as a part of the simulation exercise in Tables 7  and 8 . The second type, called sensitivity analysis, is undertaken by using a 10 percent increase/decrease in the elasticity for irrigation water. Since CRS is imposed on both models, a 10 percent increase/decrease in the input elasticity for irrigation water has been accompanied with a simultaneous decrease/increase in the input elasticities for fertiliser, tractor hour, and man-day, so that the condition of the CRS remains imposed. The results of this exercise are reported in Tables 9 and 10 . Tables 9 and 10 report differences in the predicted water usage from the baseline simulations reported in Table 6 , both in absolute terms and in percentage terms, as a result of a 10 percent increase/decrease in input elasticity for irrigation water, along with a simultaneous 10 percent decrease/increase in input elasticities for fertiliser, man-day, and tractor hour, using base-line water prices. Table 9 presents changes in predicted water usage as a result of a 10 percent increase in the input elasticity for irrigation water and a simultaneous 10 percent decrease in other input elasticities. Table 10 records the impact of a 10 percent decrease in the input elasticity for irrigation water and a simultaneous 10 percent increase in input elasticities for the other three inputs on predicted water usage.
A review of Table 9 highlights two points:
(i) A 10 percent increase in the water's estimated coefficient along with a 10 percent decrease in the estimated coefficients of other inputs shows a 17 percent and 13 percent increase in predicted water usage, using two alternative prices-the MVP-based and the Market-based respectivelywherein the change in the demand for water is more than the change in the parameter estimates. Moreover, the impact of this change in the estimated parameters has very little impact on predicted water usage when the three cost-based (AC-based, SRMC-based, and LRMC-based) base-line prices are used. (ii) A 10 percent increase in the input elasticity for irrigation water along with a simultaneous decrease in input elasticities for other inputs brings two types of changes in the predicted water usage. First, in the case of MVPbased and market-based prices, the relationship between the change in the estimated parameters and the change in the predicted water usage is positive, meaning that a 10 percent increase in the estimated coefficient for irrigation water along with a 10 percent decrease in the estimated coefficients for other inputs increases predicted water usage by 17 percent using MVP-based prices, and by13 percent using market-based prices. Secondly, the same 10 percent increase in the water coefficient along with a 10 percent decrease in other inputs' estimated coefficients decreases predicted water usage when the three cost-based prices are used, though by a lesser percentage (2 to 4 percent). Table 10 reports the impact of a 10 percent decrease in the input elasticity for irrigation water accompanied by a 10 percent increase in input elasticities for fertiliser, man-day, and tractor hour. As would be expected, the trend noticed in Table 9 is repeated in Table 10 but in the opposite direction. Using the base-line MVP-based and market-based prices, the predicted water usage decreases by more than 10 percent, i.e., by 15 to 19 percent in the former and 13 to 15 percent in the latter case respectively in the restricted and full data sets. The only difference noticed in Table 10 is that changes in the predicted water usage as a result of the change in the parameter estimates are in the same direction at the four water prices (MVPbased, market-based, AC-based, and LRMC-based), while in Table 9 this was not so. It means that like the MVP-based and market-based price cases, a decrease in predicted water usage is registered using the two cost-based prices in response to a 10 percent decrease in the input elasticity for irrigation water and a simultaneous10 percent increase in input elasticities of other inputs.
The analysis of the results of changes in various variables and parameters reported in Tables 5 to 10 allows one to arrive at two conclusions: (i) the demand for irrigation water is less sensitive to changes in alternative irrigation prices at the district level in both specifications of the 4-input "per man-day" model; and (ii) a 10 percent increase in the input elasticity for irrigation water along with a simultaneous 10 percent decrease in the input elasticities for fertiliser, man-day, and tractor hour increases water usage by 13 to 17 percent respectively at market-based and MVPbased prices in both data sets. At the cost-based prices the change is in the opposite direction and is less than 10 percent. A 10 percent decrease in the input elasticity for irrigation water, along with a simultaneous 10 percent increase in input elasticities for other three inputs, decreases predicted water usage by 16 to 19 percent respectively at the market-and MVP-based prices for the restricted data set, and by 13 and 15 percent for the full data set.
CONCLUSIONS AND POLICY IMPLICATIONS
Two major conclusions that emerge from this study may be summarised as follow:
(1) Policy simulations results, presented in Tables 7 and 8, report severe irrigation water shortages in all sample districts. At almost all alternative prices, predicted water usage exceeds actual water usage in all districts, which may mean that delivery systems do not deliver enough water for the price to ration. Hence, at all prices of water used in the simulations, the optimal amount of water is far more than is delivered. (2) The reported results also speak loudly about the price less elastic of demand for irrigation water. A 10 percent increase/decrease in all prices decreases/increases predicted water usage by less than 10 percent (5 percent only), which means that any increase in water price will not reduce the demand for water.
The conclusions go against the general perception in Pakistan that water is used inefficiently due to low water rates charged from farmers, and that raising water rates would ensure water use efficiency. The present analysis makes a strong case for increasing water supplies to farmers.
Given the conclusions of the study, the policy-maker has two options for increasing water supplies to farmers: (i) building new water storage reservoirs, and (ii) improving the management of the water delivery system. Since additional increases in water supply through the construction of new reservoirs are not possible (at least in the short run) due to financial, environmental, social, and political constraints, the most cost-effective and feasible solution appears to be the improvement of the management of the water delivery system. Surface water supply deliveries are very inefficient because of losses through seepage and evaporation. Recent investigations have confirmed that water losses in the tertiary water distribution system below the outlet are very significant. While it may be difficult to avoid the losses in the main canals, there is considerable scope for conserving the large losses below the outlets [Sahibzada (2002) ]. The on-going programme of Onfarm Water Management, involving the improvement of the main watercourses and their partial lining is a move in this direction. However, its efficiency needs to be established especially since these improvements are not extended to the farmers' distribution channels [Sahibzada (2002) ].
Irrigation water shortages are also the result of the inflexibility of the irrigation water delivery system for agricultural use. Basically, the irrigation system was designed a century ago-crop water requirements were based on the then designed cropping intensity of 50-75 percent. This intensity has almost doubled over the years which requires modernisation of the system to cope with the emerging scarcity problems. As canals have not yet been remodelled, the existing capacity can not provide adequate water to meet the current enhanced cropping intensity requirements. Hence water availability is far below the needed level.
With regard to the price inelasticity of the demand for water, existing irrigation water shortages are the root cause for that. If the minimum crop water requirements are not adequately met, the demand for water will not respond to a price change.
Two more findings are highlighted below.
(i) Subject to various limitations of data and modelling, our empirical analysis indicates significant inefficiency of resource allocation for irrigation water, as shown by its positively large MVP/OC ratio (2.23 and 2.08) reported in Table 4 , implying its under-usage. This may also be the result of the scarcity of water supplies in response to the crop water requirements of the farmers. MVP of irrigation water seems to be considerably above its costs (OC) under both specifications. In fact, irrigation water is not entirely within the capacity of individual farmers to supply. For example, the supply of irrigation water from tubewells is largely within the capacity of farmers as individuals. Wells can not, however, provide the required irrigation at economical costs in every part of the country. For most areas, canals are the only effective means of irrigation. It is possible, therefore, that the exploitation of irrigation water has been held down by the lack of largescale canal irrigation facilities. Specifically, as mentioned earlier, the inflexibility of the irrigation system may be a major reason for the underusage of irrigation water. (ii) In terms of the water requirements of the individual districts and defining water use efficiency in terms of the highest agricultural produce per unit of irrigation water, Mirpur Khas stands out as the most efficient user of irrigation water, with 7.8 irrigations per acre and producing the maximum aggregated farm output-18 maunds per irrigation, followed by Attock and Peshawar with 16 and 11.5 maunds respectively per irrigation ( Table  2 ).
The purpose of this study has been to evaluate various water pricing systems and choose one for application that ensures water use efficiency in the country. Contrary to what was assumed, the outcome of the empirical analysis goes against the general perception that the existing lower water rates lead to the inefficient use of irrigation water. In view of the major conclusions of the study, the case for introducing an appropriate water pricing system takes the second place on the priority scale. Before any recommendation is made to charge farmers a higher water price, it is essential that farmers are ensured adequate and reliable water supplies at their farm gate. 
